Genome integrity is crucial for cellular survival and the faithful transmission of genetic information. The eukaryotic cellular response to DNA damage is orchestrated by the DNA damage checkpoint kinases ATAXIA TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED (ATR). Here we identify important physiological roles for these sensor kinases in control of seed germination. We demonstrate that double-strand breaks (DSBs) are rate-limiting for germination. We identify that desiccation tolerant seeds exhibit a striking transcriptional DSB damage response during germination, indicative of high levels of genotoxic stress, which is induced following maturation drying and quiescence. Mutant atr and atm seeds are highly resistant to aging, establishing ATM and ATR as determinants of seed viability. In response to aging, ATM delays germination, whereas atm mutant seeds germinate with extensive chromosomal abnormalities. This identifies ATM as a major factor that controls germination in aged seeds, integrating progression through germination with surveillance of genome integrity. Mechanistically, ATM functions through control of DNA replication in imbibing seeds. ATM signaling is mediated by transcriptional control of the cell cycle inhibitor SIAMESE-RELATED 5, an essential factor required for the aging-induced delay to germination. In the soil seed bank, seeds exhibit increased transcript levels of ATM and ATR, with changes in dormancy and germination potential modulated by environmental signals, including temperature and soil moisture. Collectively, our findings reveal physiological functions for these sensor kinases in linking genome integrity to germination, thereby influencing seed quality, crucial for plant survival in the natural environment and sustainable crop production.
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DNA repair | seed vigor | DNA damage response | dormancy cycling | soil seed bank M aintenance of genome integrity is indispensable for cellular survival and transmission of genetic information to the next generation; however, constant exposure of DNA to environmental and cellular oxidative stresses results in damage that can arrest growth and result in mutagenesis or cell death. Consequently, organisms have evolved powerful DNA repair and DNA damage signaling mechanisms. In plants, as in other eukaryotes, the cellular response to DNA damage is orchestrated by the phosphoinositide-3-kinase-related protein kinases (PIKKs) ATAXIA TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED (ATR) (1) . In response to genotoxic stresses, these checkpoint kinases activate DNA repair factors, delay or halt cell cycle progression, and promote endocycles or programmed cell death (1) (2) (3) (4) . ATM is activated by double-strand DNA breaks (DSBs), a highly toxic form of DNA damage that results in chromosome fragmentation (1, 5) , and plants mutated in ATM display hypersensitivity to DSBs induced by gamma radiation or radiomimetics (6) . ATM also mediates a strong transcriptional up-regulation of hundreds of genes, including the SIAMESE/SIAMESE-RELATED cell cycle inhibitors SMR5 and SMR7 (1, 7). ATR is activated by single-strand regions of DNA, arising during DNA replication or processing of DSBs (1, 8) . Although much of our knowledge of plant DNA damage responses has come from the use of genotoxins that would not be encountered naturally, the physiological roles of these DNA damage response pathways are less well characterized.
Seeds represent a stage of the life cycle in which plants experience particularly high levels of genotoxic stress (9) . Maturing orthodox (desiccation-tolerant) seeds enter a period of desiccation during which their moisture content decreases to approximately 10-15%, which reduces cellular activity in the embryo to minimal levels, enabling maintenance of a viable but quiescent embryo for prolonged periods (10) . Reduced cellular maintenance in the quiescent state, in combination with cycle(s) of desiccation and rehydration, are associated with high levels of damage by reactive oxygen species, resulting in deterioration of proteins, DNA, and cellular structures (11) . Genome damage is exacerbated by adverse environmental conditions (typically high temperature and relative humidity) that cause increased oxidative damage and seed aging (12) (13) (14) (15) . This results in a loss of seed vigor, manifested as decreasing rapidity and uniformity of germination, leading to significant losses in yield in crop species (16) , and ultimately culminates in loss of viability (17) .
Delayed germination is accompanied by an extended period of pregerminative DNA repair initiated in the earliest stages of imbibition (17) . This is observed as high levels of de novo DNA synthesis several hours before entry of cells into S phase and completion of germination, marked by the emergence of the young root (radicle) from the seed coat (17, 18) . Seeds also can remain in a dormant state in the soil seed bank, often experiencing cycles of hydration and dehydration. Germination occurs only when dormancy has declined and seeds become sensitive to environmental conditions favorable for growth (10, 19, 20) . DNA repair activities are operative in imbibed dormant seeds, enhancing seed longevity by preserving genome integrity during prolonged stasis in the soil seed bank and
Significance
The DNA checkpoint kinases ATAXIA TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED play crucial roles in the maintenance of genome stability, safeguarding cellular survival and the faithful transmission of genetic information. Here we show that ATM is an important factor that influences seed quality by linking progression through germination with genome integrity. Our findings provide insight into the roles of DNA damage responses, identifying their importance in regulating germination, a process critical for plant survival in the natural environment and crop production.
ensuring optimal germination when environmental conditions are favorable (17, 21) .
In agriculture, rapid germination (high seed vigor) and high seed viability are important traits ensuring efficient seedling establishment, which is key to plant survival and crop production. Loss of seed viability is preceded by a progressively increasing lag period in imbibed nondormant seeds before germination. Cytological studies have established a correlation between loss of vigor and viability on seed aging and accumulation of DNA damage, reporting increased frequencies of both chromosome breakage and rearrangements and abnormal, mutated seedlings on germination of aged seed (11) . Significantly, even high-quality seeds display a background level of chromosomal breaks (i.e., DSBs) (12, 22) .
Consistent with those studies, our recent work has identified a strong DSB-specific transcriptional response, indicative of high levels of genotoxic stress, initiated early in seed imbibition even in unaged seeds (23) . In addition, the increased sensitivity to seed aging of Arabidopsis mutants deficient in DSB repair suggests that the repair of chromosomal breaks is fundamental to seed germination (23) . The observation that DNA repair activity can influence the rate of seed germination indicates that seed vigor and viability are linked to levels of genomic damage.
Here we sought to identify the molecular link between progression of germination and genome integrity in seeds. We show that the persistence of DSBs is sufficient to delay the completion of germination. We identify ATR as a determinant of seed longevity, and reveal ATM as a key factor influencing seed vigor and viability, integrating genome integrity with progression through germination in response to damage accumulated during the dry quiescent state. In the natural hydrated dormant state of seeds in the soil seed bank, ATM and ATR transcript levels display dynamic regulation with changes in environmental conditions. Taken together, these results reveal critical functions for DNA damage responses in regulating seed quality that are vital for plant survival and crop productivity.
Results
DSBs Are Rate-Limiting for Germination in Arabidopsis. Our previous studies identified hypersensitivity to seed aging in mutants deficient in the DSB repair enzymes DNA LIGASE 6 (LIG6) and LIG4, suggesting aging-induced DSBs as a major factor that delays the progression to germination (23) . To establish the rate-limiting effects of DSBs on germination, we analyzed transgenic Arabidopsis lines in which endonuclease-induced DSBs can be created by treating plants with dexamethasone. Induction of the endonuclease I-PpoI, which cleaves the Arabidopsis genome within the conserved 5S rRNA genes in vitro, resulted in an increase in cell death in seedling root tips, indicative of DNA damage (3) (SI Appendix, Fig. S1 A-D). On I-PpoI induction in seeds, germination was delayed, with the mean germination time (MGT, a measure of germination vigor) increasing from 3.1 d to 4.5 d (P < 0.05) (Fig. 1A ). This finding demonstrates that the accumulation of DSBs in the seed genome is rate-limiting for germination, and that their persistence adversely affects germination vigor.
ATM Is Activated in Early Imbibition of Orthodox Seeds. In previous work, we identified marked activation of the DNA damage transcriptional response within 3 h of Arabidopsis seed imbibition, indicating that high levels of genome damage are incurred even under ideal conditions of seed development, storage, and imbibition (23) . Activation of the plant transcriptional response to DSBs is dependent predominantly on ATM and includes genes involved in DNA metabolism, chromatin structure, and repair (1) . Consistent with the role of ATM in controlling DNA damage-responsive gene expression, we found no significant induction of RAD51 recombinase transcripts in atm mutant seeds on imbibition, in contrast to wild type seeds (SI Appendix, Fig. S2 ).
Analysis of HvRAD51 transcript levels during seed imbibition of wild type barley (Hordeum vulgare) also showed high levels of gene induction at 12 h of imbibition (Fig. 1B) , demonstrating that early induction of the DNA damage response is a conserved component of germination in desiccation-tolerant seeds. However, the transcriptional DNA damage response was absent in the germination of physiologically mature barley embryos that had not undergone maturation drying on the mother plant (Fig. 1B) . This signifies that the cellular response to genome damage in germination is directly activated in response to high levels of DNA damage accumulated by the seeds during the cycle of desiccation, embryo quiescence, and rehydration.
Regulation of DNA Damage-Responsive Genes in Seeds. To further investigate the role of DNA repair in seeds, we compared the transcriptional profiles of the major DNA damage response genes in published seed array data using the Arabidopsis eFP browser (24) . This analysis revealed similar patterns in the transcript levels of LIG6, ATR, and ATM in hydrated seeds undergoing laboratorybased dormancy cycling (SI Appendix, Table S1 ) (25, 26) . Particularly high expression levels of these genes were observed in seeds in a prolonged hydrated state of dormancy, from 1 to 2 mo, as would be experienced by seeds overwintering in the soil. Significantly, transcriptional regulation of ATM and ATR has not been previously reported in plants, and this led us to look at the response of these genes in seeds experiencing the seasonally changing soil seed bank environment. Fluctuations in soil temperature and moisture content elicit transcriptional responses in seeds and influence dormancy and germination potential (19) . We identified large seasonal fluctuations in transcript levels of ATM, ATR, and LIG6 (Fig. 2) . In spring, ATM transcript levels in overwintered seeds increased fivefold during prolonged hydration in the soil, then declined sharply in May as soil moisture was lost and before seedlings emerged ( Fig. 2A) . Seasonal transcript profiles of ATR and LIG6 were positively correlated with each other (P < 0.05) and with levels of dormancy (AR50; P < 0.01 and < 0.05, respectively), but negatively correlated with soil temperature (P < 0.01 and < 0.05, respectively) ( Fig. 2 B and C) . These results are consistent with the idea of ATM and ATR regulating genome maintenance during dormancy cycling in the soil seed bank.
Germination of atm and atr Mutant Seeds Is Resistant to Accelerated
Aging. We tested the hypothesis that ATM and ATR integrate the sensing of DNA integrity with the onset of germination by analyzing the germination phenotypes of multiple independent alleles of atm Seeds were plated onto germination paper prewetted with 10 μM dexamethasone or 0.5% DMSO (control) and stratified at 4°C for 48 h before transfer to 20°C. Error bars indicate the SEM of three replicates of 50 seeds each. Significant differences in mean values are indicated. *P < 0.05, **P < 0.01, t test. (B) Embryos were isolated from desiccated barley grain cv Maris Otter or from undesiccated barley grain (30 days postanthesis) that were capable of germination but had not undergone maturation drying, and placed on 1% agar plates. Quantitative PCR (qPCR) analysis of HvRAD51 expression was performed using cDNA synthesized from RNA isolated from imbibing embryos. Control qPCR was performed using primers specific to HvACTIN2.
and atr mutant lines (27) . Accelerated aging is widely used to simulate natural aging by incubating seeds at elevated temperature and relative humidity (RH) (28). Here we used three different aging regimes-28°C and 84.6% RH, 35°C and 83% RH, and 49°C and 80.6% RH (29)-with the lower temperature and humidity treatments representing conditions typically experienced by seeds in the natural environment (30) . In the absence of seed aging, germination of wild type (Col-0) Arabidopsis seeds and the mutant lines atm-3 and atr-6 displayed no significant differences (Fig. 3A) ; however, atm mutant seeds germinated markedly more rapidly than wild type seeds after aging at all temperature and RH regimes investigated ( Fig. 3 B-F and SI Appendix, Figs. S3-S5).
Progressively increased seed aging resulted in severely delayed germination in Col-0 seeds compared with atm mutant seeds; after 14 d of aging at 35°C, the MGT was 2.9 d for atm, compared with 6.4 d for Col-0 (P < 0.01) (SI Appendix, Fig. S3 ). Thus, our data indicate that ATM controls the time to germination in aged seeds, observed as an extended delay to radicle emergence with increasing seed deterioration. Progressive loss of vigor on seed aging eventually culminates in loss in viability. Both the atm and atr mutants exhibited increased levels of germination compared with wild type controls after aging (Fig. 3 E and F; SI Appendix, Fig. S5 ). Although Col-0 seeds displayed low viability after 14 d of aging at 35°C (19%), atm and atr lines retained significantly higher levels of germination (62% and 77%, respectively; P < 0.01) (Fig. 3E) . Seeds that failed to germinate were resistant to dormancy-breaking treatments, including gibberellin, fluridone, and cold imbibition at 4°C. Lack of viability was confirmed by staining with 2,3,5-triphenyltetrazolium chloride (31) (SI Appendix, Fig. S5 I and J) . The increased germination of atm and atr mutant seeds after aging was confirmed in the independent mutant alleles atm-2 and atr-2 (1) (SI Appendix, Fig. S5 G and H) . Taken together, these results establish both ATM and ATR as molecular determinants of viability and reveal ATM as a key controller of germination in response to the deteriorative effects incurred during seed aging.
ATM Controls Cell Cycle Progression in Response to Seed Aging. In response to DNA damage, ATM and ATR activate checkpoints that delay or arrest cell cycle progression to promote repair processes, which has the effect of delaying growth (2, 32) . We hypothesized that the rapid germination of atm mutant seeds is due to loss of the checkpoint activity that slows germination in the presence of DNA damage. In Arabidopsis seeds, cells in the embryo are arrested in G1 phase, and resumption of cell cycle activity and S phase (DNA replication) is required for normal germination (33, 34) . We investigated whether an aging-induced delay to cell cycle activation was evident in wild type seeds, but not atm or atr mutant lines. Cell cycle initiation was determined by incorporation of the thymidine nucleoside analog 5-ethynyl-2′-deoxyuridine (EdU) to monitor the onset of DNA replication in wild type, atm, and atr lines. In wild type seeds, few embryos contained cells that were replicating DNA until around the time of seed coat rupture, when labeled nuclei are first visible in root meristem cells (Fig. 4 A-F and SI Appendix,  Fig. S6 ). We observed no significant difference in the timing of S phase in unaged wild type, atm, and atr seeds (Fig. 4G) ; however, when using seeds aged for 7 d at 35°C and for 14 d at 35°C, we found that DNA replication was initiated substantially earlier in atm mutant seeds than in the Col-0 or atr lines (Fig. 4G) , consistent with the faster germination of the aged atm lines. This indicates that ATM, but not ATR, activity delays onset of S phase in the wild type lines, coinciding with a loss in germination vigor. At 14 d, we found increased numbers of S-phase cells in both atm-and atr-deficient seeds, correlated with the increased germination observed in these mutants (SI Appendix, Fig. S7 ). We conclude that ATM delays initiation of the cell cycle in aged seeds, and that both ATM and ATR contribute to the inhibition of DNA replication in aged seeds.
Severe Chromosomal Abnormalities Are Elevated in atm Mutant
Seeds. To investigate the hypothesis that ATM integrates germination progression with genome integrity, we determined the frequencies of chromosomal abnormalities in aged and unaged Col-0, atm mutant, and atr mutant seeds (Fig. 4 H-L) . Anaphase bridges were scored after commencement of cell division in radicle cells of germinating seeds. These bridges represent inaccurate chromosomal break repairs by the host cell recombination machinery. Consistent with the induction of the ATM-dependent DNA damage response, even in high-quality seeds, we observed a low frequency (1-2%) of abnormalities in unaged Col-0, atm, and atr seeds (Fig. 4H ), but still significantly higher than that reported for other stages of the Arabidopsis lifecycle (35) . After aging (7 d at 35°C and 83% RH), this frequency increased to 4% in Col-0 and atr seeds, indicating that high levels of genome damage accumulate in the dry quiescent state and can be tolerated by the germinating seeds (Fig. 4H) . However, substantially higher frequencies (9%) were observed in aged atm seeds, lending further support to the function of ATM in controlling the advancement of germination to promote repair of the high levels of genome damage sustained by extended periods in the dry quiescent state.
The Cell Cycle Inhibitor SMR5 Regulates Germination in Response to
Aging. We further investigated the mechanism by which control of germination is integrated with genome surveillance by analyzing the downstream effectors of ATR and ATM signaling. ATR activates a DNA replication stress checkpoint through transcriptional induction of the cell cycle regulator WEE1 (8, 36) . However, in our analysis of seed aging, WEE1 transcript levels did not differ significantly among Col-0, atm, or atr mutant seeds, and, furthermore, wee1 mutants did not exhibit the aging resistant phenotype of atr seeds (SI Appendix, Fig. S8 ). These findings indicate that the effects of seed aging on germination are not attributable to replication stress (1, 8, 36) .
In response to genotoxic stress, ATM induces SMR5 and SMR7, members of a family of SIAMESE/SIAMESE-RELATED cell cycle inhibitors. Both genes display ATM-dependent transcriptional induction in response to genotoxic stresses and regulate cell cycle activity and growth under stress conditions (7, 37) . In seeds, SMR5 transcripts declined rapidly during imbibition, reaching low levels by the time of germination (SI Appendix, Fig. S9 A and C) ; however, transcript analysis of aged seeds (7 d at 35°C) at 48 h of imbibition revealed significantly higher SMR5 levels in wild type lines, but not in atm lines (Fig. 5 A and B) . This finding is consistent with a role for SMR5 in regulating the germination of aged seeds, given the known functions of this cell cycle inhibitor in genotoxic stress responses (7). In the soil seed bank, SMR5 and ATM transcript levels were highly correlated (P < 0.05; SI Appendix, Fig. S10 ). SMR5 GUS-reporter analysis localized promoter activity to regions of the radicle where S phase is initiated (Fig. 5 C-F) .
Because both SMR5 and SMR7 are involved in plant cell cycle control, with SMR5 in particular required for the reduction in cell division under conditions of elevated oxidative stress (7), we tested single and double smr5 and smr7 mutant lines for sensitivity to seed aging. After accelerated aging, smr7 mutants were not significantly different from wild type lines, whereas both smr5 and the smr5 smr7 lines displayed an aging-induced delay to germination relative to wild type lines (Fig. 5 G and H and SI  Appendix, Fig. S11 ). We conclude that SMR5 plays a key role in controlling the delay to germination observed on seed aging.
Discussion
The evolution of desiccation-tolerant seeds represents a highly successful survival strategy, effectively prolonging embryo viability and providing resistance to adverse environmental stresses until favorable conditions for germination are encountered. Nonetheless, extended periods in the dry quiescent state are associated with the deterioration of biological macromolecules and a progressive delay to germination, which culminates in loss of viability (17) . There is considerable intraspecific and interspecific variation in seed longevity, and understanding the genetic basis of seed quality is important for maintaining crop production in changing climates (31) . Here we identify important functions for DNA checkpoint kinases in linking genome integrity to germination, thereby influencing seed quality, which is crucial for plant survival in the natural environment and for sustainable crop production. We establish that both ATM and ATR are determinants of seed longevity, and demonstrate that ATM controls the progression of seed germination, integrating genome surveillance with cell cycle activation. Seed aging is associated with an increasing incidence of chromosomal aberrations (Fig. 4 H-L) , and even seed lots with high germination rates display levels of genome damage not seen at other stages of plant development (12, 22) . Consistent with this, during the early imbibition phase, seeds display a large and rapid induction of the ATM-mediated transcriptional DSB response (23) . We show that activation of the DNA damage response requires previous desiccation and quiescence of the embryo, rather than being a developmentally programmed part of germination per se. The quiescent desiccated state is associated with accumulation of high levels of DSBs, as observed in the desert-dwelling bacterium Deinococcus radiodurans (38) . In seeds, the accumulation of genome damage on aging is further compounded by telomere loss (39) , a source of chromosomal breaks that also may contribute to loss of vigor. Here, using enzymatic induction of DSBs by the meganuclease I-PpoI during seed imbibition, we provide direct evidence that low levels of chromosomal breaks limit the progression of germination in Arabidopsis.
Plants have evolved robust DNA damage response and repair pathways to counteract the detrimental effects of genotoxic stress, coordinated by the eukaryotic DNA checkpoint kinases ATM and ATR. Here we identify that ATM and ATR function as major factors influencing germination in response to seed aging. We demonstrate that ATM delays the progression of germination by regulating the initiation of DNA replication through up-regulation of the cell cycle inhibitor SMR5 (7). Chemical inhibition of the cell cycle was previously shown to be sufficient to slow germination in Arabidopsis (34), and here we establish a physiological role for DNA damage in cell cycle checkpoints in seeds. Progressive aging culminates in loss of seed viability, and a component of this viability loss is attributable to both ATM and ATR. Whereas ATR induces transcription of the cell cycle regulator WEE1 in response to DNA replication stress (8, 36) , WEE1 is not required for the ATR response to genotoxic stress in plants (1, 2, 40) . Here we establish that ATR function in seeds is not dependent on WEE1, consistent with the idea that DNA damage rather than replicative stress limits germination.
The increased germination of aged atm and atr mutant seeds relative to wild type seeds is associated with higher levels of S-phase activity, which is consistent with increased DNA replication in the presence of DNA damage and increased genome instability. Our cytological analysis has revealed high frequencies of chromosomal aberrations in atm mutant seeds, identifying a critical role for ATM in safeguarding the genome of the germinating embryo. Furthermore, seedlings germinated from aged atm mutant seeds exhibit lower survival and slower development of true leaves compared with their aged wild type counterparts (SI Appendix, Fig. S12 ). This demonstrates the requirement for ATM activation in imbibed seeds to ensure that germination does not proceed until damage to the genome is repaired, thereby promoting successful establishment and growth of the young seedlings.
In the natural environment, seeds in the soil seed bank typically undergo several wet-dry cycles at or near the soil surface, or remain continually hydrated deeper in the soil. Imbibed dormant seeds display DNA repair processes (21) , which are often active over several imbibition and redrying cycles (41) . These seasonal fluctuations in hydration and temperature in the soil seed bank lead to dynamic regulation of ATM, SMR5, and ATR transcript levels. Active genome surveillance and DNA damage signaling in hydrated dormant seeds provides highly effective mechanisms for protecting genomic integrity, which is important for the long-term stability of plant communities.
In conclusion, we show that ATM and ATR are important factors in controlling germination in plants. We identify major roles for ATM in integrating genome surveillance with germination through regulation of cell cycle activities, providing insight into the physiological functions of DNA damage response GUS-reporter analysis of SMR5 promoter activity in wild type unaged seeds and seeds aged at 35°C and 83% RH for 5 d. (G and H) Analysis of smr5, smr7, smr5 smr7, and wild type seed germination performance after accelerated aging. Shown are the viability and vigor of unaged seeds (G) and of seeds after 10 d accelerated aging at 35°C and 83% RH (H). Seeds were plated and stratified at 4°C for 48 h before being transferred to an environmental growth chamber at 22°C, and then scored for radicle emergence at each day postimbibition. Error bars represent the SEM of three replicates of 50 seeds each. **P < 0.01, t test.
mechanisms in plant development. Our findings further establish critical functions for ATM in safeguarding genome stability in germinating seeds and in promoting seedling growth and establishment, key determinants of crop yield (42) . Understanding the mechanisms that regulate germination provides important insight into the molecular basis of seed vigor and viability, traits that are of critical agronomic and ecological importance.
Materials and Methods
Seed Propagation and Germination. Arabidopsis plants were raised in growth chambers under constant humidity (30%), with 16h light and 8h dark cycles at 23°C. Col-0, atr-6 (SALK_054383) and atm-3 mutants (SALK_089805) were obtained from the NASC. For each experimental replicate, seeds from all lines were harvested simultaneously and stored at 15°C and 15% humidity for 2 mo to allow after-ripening. Germination tests and accelerated aging were performed as described previously (23, 43) and mean time to germination was calculated as described in ref (44) . Arabidopsis lines were as previously described atm-3 (27), lig6 lig4 (23), atr-2 and atm-2 (1), wee1 (36) and pSMR5:GUS, smr5, smr7 and smr5 smr7 (7). Viability staining performed as reported previously (31) . The atr-6 mutant allele is presented in SI Appendix, Fig. S13 .
Nucleic Acid Purification and Cloning. DNA procedures and bacterial manipulations were by established protocols (36) . Real-time RT-PCR analysis was performed on a CFX96 thermocycler (Bio-Rad), as described previously (45), using SYBR Green Supermix (Bio-Rad). A plant codon-optimized I-PpoI gene was synthesized (Genscript; SI Appendix, Fig. S14 ) and cloned into pBI-ΔGR and the expression cassette subcloned into pCB1300 carrying a I-PpoI recognition site to create pPPOΔGR (SI Appendix, Fig. S15 ). Propidium iodide (PI) staining and EdU labeling were performed as described previously (46) . Full methods are described in SI Appendix.
Dormancy Analysis. Seed production, harvest, and storage, along with details of seed burial in and recovery from field soils and postrecovery seed handling, were described previously (19, 20, 25, 26, 47) . Further details are provided in SI Appendix.
